TITLE (include Security Classification)
A New Class of Cross Sections for Use in Atomic Scattering Calculations
PERSONAL AUTHOR(S)
Mueller, G.P. 
ABSTRACT (Continue on reverse if necessary and identify by block number)
It is useful to have simple cross sections to represent the interactions between particles when performing transport theory calculations for range, energy deposition, and damage by impinging ions on bulk materials. In this report I present a number of families of finite range interactions that are simple to generate during such transport calculations. These cross sections have a Thomas-Fermi character at large energy transfers and a wide variat~on of behavior for small energy transfers. The potentials that correspond to these cross sections are displayed graphically, so that if one has a phenomenologically derived potential between two constituents, one can read off of the graphs which family member will give a good representation of that interaction. The most exactir are the molecular dynamics codes, 1 , 2 which simulate a small portion of a crystal in the cucpiter. The response of the crystal to an initial displacement, caused by an incident neutron or heavy :
DISTRIBUTION/AVAILABILITY OF ABSTRACT
ion, is followed by simultaneously solving the equations of motion of all of the atoms in the sample crystal. More flexible, if less thorough, are such simulation codes as those of Robinson and Torens 3 and Beeler and Besco. 4 In these the crystalline structure of the material is present in some fashion, but the moving ions are followed one at a time. The molecular dynamics codes require potentials that reproduce the major properties of the crystal. The second type of simulation code is somewhat less stringent, in part because the potentials are not allowed to act for impact parameters greater than 50-80% of the nearest neighbor distance. 
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interacticn. It is knwn I I be too strong for large separations. While its universal chracter makes it onvenient to use, it does not accurately reflect the properties of more realistic potentials, especially at large separations.
Ftoruinological potentials are usually made to vanish for sufficiently large distances (2nd or 3rd nearest neighbor distances), whereas the Thanas-Fermi potential is of infinite range. The corresponding Thomas-Fermi cross section blows up for sall energy transfers and the total cross section is infinite, unless a cutoff in energy transfer is imposed.
Our goal in this work is to create new differential cross sections (more specifically, families of them) that both more accurately reflect the properties of realistic potentials and are as easy to use as is the INS cross section. In the next two sections we describe the Thzas-Fermi potential and its relation to various ptIen mlogical interactiuns and outline the method that M use to obtain their cross section. We then present a new class of cross sections that reproduce the INS form for large energy transfers (crr z to sMall separatios of the interacting ions), but which have 0 flexible cac istics for smIall energy transfers. Within the spirit of the ap--oximaticns used by INS, there is a method, outlined in Appendix B, that allows the potential correspondirq to a given differential cross section to be easily calculated. We present a series of figures of the potentials that are generated from cur new families of cross sections. By comparing a given rhenxmnological potential with the families thus generated, one can automatically obtain a differential cross section closely ctrzrsiding to that penomenological potential. Finally, we give a number of examples and discuss the possible use of these new cross sections. 
0(r/a
The quantity CT(r) is the Tmans-Fermi screening factor, which is available in tabular form. Vineyard and Englert, 2 for alpha (bc) iron. We note that this potential passes through zero at a separation somewhat less than the nearest neighbor distance (2.48 i). This behavior is typical; it is the attractive portion of the potential in the nearest neighbor region that binds the crystal. More sohisticated potentials will oscillate about zero out to 2nd and 3rd nearest neighbor distances; the magnitude of these oscillations is of the order of 1 eV.
For compariscn, we also show the Thomas-Fermi and oliere potentials for iron, using the Firsov value (0.0966 A) of the screening radius. We see that the agreemnt is not bad for small separations, as we wud expect, but becaws increasingly ~worse as the separation increases, especially for the Thcmas-Fexmi interaction. This again is typical; the Thanas-Fermi is too 
REVIEW OF TI INS MTHO' lD
In computer simulation calculations one uses the relevant potential directly to represent the interaction between atoms. In integral equation calculations, one used the differential cross section derived from that potential. Suppose that one particle with energy E and impact parameter p is moving toward another (stationary) particle. The center of mass energy is Er= A 2 E/ (A 1 + A 2 ) (4
I.
Te scattering angle is given by 1 7
wi.re rmin is the largest root of the radical in the integrand. The energy -S transferre in the collision is T Tm sin 2 9/2 (6
E , (7 wre Tm is the maximum ] tically allowed energy transfer. Corresponding to this maxim energy transfer is the minimnum energy that can be carried away 0
by the incident particle, whicd is given by
(8 In terms of these definitions the differential cross section is given by da=2 pdp ; ( " IS use the notation
so that 6 S.<
., .
f(th) = (-4/a 2 ) t 3 / 2 p(t) dp(t)/dt .
(13 
NEW CROS S-I CNS 0
In our discussions of interatamic potentials, we inplied that it would be useful to have a potential that: (a) vanishes at a separation near the nearest neighbor distance, which distance depends on the particular material; (b), reprodcxes the Thamas-Fermi potential for small separations; (c), has for its COrrespordIx differential cress section a simple, easy-to-evaluate form; (d),
has simple forns for the related quantities Na(E), NS(E) and NW(E); and (e),_% is flexible enough to roughly match any of the phenc lnologically determined interatomic potentials.
8%
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We could, of course, sinply create a flexible potential form that possessed properties (a), (b) and (e), but there is no guarantee that it would possess prcperties (c) and (d). When using integral equation methods for calclatng range and damage characteristics of heavy ions, it is the cross section, and not the potential, that is used. So instead of choosing a flexible potential form, we will choose a flexible cross section form that possesses properties (c) andl (d)
what the potential is that corresponds to a given cross section, we can build sufficient flexibility into our new cross sections in order to satisfy (e). Finally, because we want the total cross sections to be finite, we will recuire that the kernel f(O) of our cross section fall off at least as fast as 06, 6>1, as 0 goes to 0; the corresponding potentials will be of finite range.
We express out new differential cross sections in the form where g' is the derivative of gu-We are left with n, m and * as parameters. We will label our families of cross sections with the notation (n,m), and will label the family merbers by (n,mo*). Only a few pairs of (n,m) values, with 0* adjustable, are neessary in order to give our cross sectin sufficient flexibility. In particular, we will make use of (n,m) -(3,2), (2,3) and (4,4).
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In Fig. 4 we plot, for i0-5<0<I0 -1, a variety of the kernels f( ), inldn fL(0), fW(0), the kernel co==rspcnAin to the Molire potential, 23
and a representative sample of the kernels frum the present work. (INS warn that their cross section is inaccurate for 0<10-3 -10 -2 , but their warnig is seldom heeded.) We note that the differential cross section includes the fatr 02, so that the Lindhard and Molisre total cross sections blow up as p goes to zero; whereas our now total cross sections rem n finite. The total cross sections and related quantities associated with the new differential -* cro s sections are easy to evaluate; the expressions are given in Appendix A.
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FTI=fl3 ~R~aE AND EUMZPIES
In Appendix B we outline a procedure for obtaining the potential or sceng furc±iaci orrIBEA GoXUM to a given differential cross section, within the spirit of the IMS aproxinations. By using this proceure, we plot, in Figs. 5-7 , the screening functions associated with cur three families of cross sesticn.
For a given (n,m) pair (see Eq. (25)), we show~ a family of screenin3g factors with each ~e labeled by the value of 0*.
Given a ~rilgclpotential, 0= procedure for obtaining a differential aross section is as follows: Plot the screening factor for the enourxlogical potential, using the Firsov chice of screening radius, A,.j unless sme specific screening radius is associated with the potential.
7' 4 THOMAS-FERMI
-
ompare this plot with Figs. 5-7 to obtain the family member that best matches the given screening factor, recalling in the process that the fit need not be 1 good beyond distances at which the potential is too weak (1-10 eV) to affect radiation damage and range calculations. Having obtained a fit to the screening factor with parameters (n,m, 0*), Eq. (23-27) autmatically yield the U!rn;i'ik Coss section.
As an example, we cciser the GenthKn potential for copper. 2 expnntal decay constant so that the potential reproduced the bulk mo~dulus for copW.24,25 In Fig. 8 we conpare the Genthon screening~ factor with severalL meners of the (2,3) family; we choose (2,3, .02) to represent the cUorrespxningz Genthon cross section.
Pbr the purpose of obtaunr a Oi-Oi cross section for radiat-ion damage calculaticxa, we are done. But in order to examine the relations between the (T Ters and Robi m chose the value of the screening radius for which the Mcolibre potential has the same magnitude at the nearest neighbor distance as does a Born-Mayer potential whose parameters were determined from elastic cttant data).
1
Cu-Cu In Fig. 10 we show the stopping power NS(E) (see Eqs. (A2, A5, A13, A15) were fit to (low enrgy) crystalline properties of coper. The Thanas-Ferni results are muh too large at low energies. Our cross section, the (2,3, .02), gives an adequate ar-roiaticn to the Genthcn over the whole arme of energies. The results of using the Moli&re cross section with the Geth= (INS) screeing length are only fair.
As ftrther exa ples, in Fig. 11 we present the screening factors, and our fits, for a rumer of intexatamic potentials: the uranium-uranium potential of Genthc; 2 As a final example, we note that the penomnological interatomic potentials are sometimes of pure Born-Mayer form V(r) = V' exp (-3'r), with the paramters adjusted so that the potential reproduces some crystalline properties of the material. 27 In these cases the potential is clearly not intended for use at high energies; Torrens suggests a restriction to the range for widh V(r)<hV'. 7he results of using our procedure with a Born-Mayer potential is that we autumatically extend its useful range for radiation damage calculations. As an example, in Fig. 14 we show the Gibson #2 potential for copper. 1 Also shown is the potential corresponding to cur (2,3, .015) cross section. our procedure has not only yielded a cross section lung to the given potential, but a cross section that has a wider applicability than the original potential could justify. 
DISSIQON
We had as our goal in this paper to create a class of cross sections for atomic scattering that were both phenomenologically based and easy to use. We have caipared our cross sections to others in two ways; by comparing the rpotentials or screenir factors, and by ccoparing the stopping poMrs derived from each crass section. We have not cuipared total cross sections because they are infinite for the Th mas-Fermi and Moliere forms. Also, w have not compared the square fluctuations in energy loss (Eq. (A4)) V because t!ds quantity depends on the higher energy portion of the kernels of the cross sec-icns, and at higher energies the kernels all agree.
We can now ask what differences might result from the use of these new cross secticn, relative to using those based strictly on the Thomas-Fermi I potential. We have no definite answer, but we can learn samething of this matter by examining the curves fcr stoi -power that we showed earlier. In particular, consider Fig. 10 for aar. The :liculated range of a copper ion with mn inital energy of more than a few keV will be the same whether it is estimated using our new cross sections or the Mhmas-Fermi, because the stcoping powers for the two cases are the same. Similarly, the (initial) energy depoition curve (energy lost versus depth) for the impinging ion will be the sam for both cross sections.
Differences may arise, however, when the motion of the primary knock-on atoms (PKAs) is considered. A typical PKA will have an energy of a few kev, and secodary knock-on atoums will typically have energies of a w hundred electron volts. We see from Fig. 10 that at these energies the Thamas-Fermi I stopping power is considerably higher than is the phenoenologically based value. Ccnsuently, the knock-on atoms will have longer ranges than the Thomas-Fermi results would irdicate, which may affect the final energy deposition and displacement damage results.
I
Another difference arises in calculations of energy partitioning. An impinging ion's energy in given up to two mechanisms: transfers of energy to electrons in the bulk material, called inelastic or electronic losses; and transfers of energy to the lattice ions, called elastic losses or damage As a practical matter, we dcose a set of values of (A and then use Eqs. (B8) and (B7) to determine the corresponding values of the axm nt x and the screning factor C(x). In effect, we form a table of C(x) versus x. As a example of the use of this procedure, we use Eq. (B7) to find the potential lirresgrd!r to fw, the WSS form of the iNS kernel. In Fig. 16 we show the actual Th as-Fermi 13 screenin factor and that obtained by the above procedure using fw(O)-The difference at large separations reflects the fact that fW(0) falls off more slowly as 0 goes to 0 than would the equivalent Mhmais-Fermi kernel; one can see this be ccaparing the WSS and LNS kernels in 
